Equol has recently aroused interest particularly because of its biological activities such as estrogenic properties, having affinity for both estrogen receptors, ERa and ERb, 12) and strong antioxidant activity. 13) Moreover, equol is easily absorbed through the colon wall, but has a slower plasma clearance rate than daidzein, and is metabolically inert. 12) However, only 30-50% of individuals in the general population are capable of producing equol from daidzein. 14, 15) Since equol is not of plant origin and is an exclusive product of the intestinal bacterial metabolism from isoflavones, its production may depend on the existence of bacterial species capable of metabolizing daidzein. 12, 16) Thus there have been several attempts to isolate bacterial species involved in degradation of daidzein. Clostridium sp. strain HGH6 17) and Lactobacillus sp. Niu-O16, 18) capable of reducing daidzein to dihydrodaidzein, were isolated from bovine rumen and human feces, respectively. However, these bacteria did not convert dihydrodaidzein to equol. Wang et al. isolated Eggerthella sp. Julong 732, capable of converting dihydrodaidzein to equol, from human feces, 19) and transformation of daidzein to equol was recently reported by using a mixed culture of two strains, Eggerthella sp. Julong 732 and Lactobacillus sp. Niu-O16. Moreover, a Gram positive rod-shaped bacterium and Lactococcus 20-92, capable of converting daidzein to equol, were isolated from rat intestine and human feces, respectively. 20, 21) In the present study, we attempted isolation of a single equol-producing bacterium from human feces using daidzein as a substrate. Furthermore, we tried to isolate a bacterium capable of transforming puerarin to daidzein, and examined production of equol from puerarin by a mixed culture of two isolated bacteria. C: 75 MHz). Thin-layer chromatography (TLC) was carried out on silica gel pre-coated 60 F 254 plates (0.25 mm, Merck Co., Darmstadt, Germany) and spots were detected under a UV lamp or exposing I 2 vapor. Silica gel BW-820 MH (Fuji Silysia, Aichi, Japan) was used for column chromatography. The DNA sequences were aligned using DNASIS version 3.0 (Hitachi Software Engineering Co., Tokyo, Japan).
Biotransformation of C-Glucosylisoflavone
Chemicals and Media General anaerobic medium (GAM) was purchased from Nissui Co. (Tokyo, Japan). Puerarin was isolated from Pueraria lobata (WILLD.) OHWI (Tochimoto Tenkaido Co., Osaka, Japan). Daidzein and genistein were purchased from TCI (Tokyo, Japan). Dihydrodaidzein and equol were prepared by modified methods of Wang et al. 19) from daidzein. Bacterial Incubation and Sample Preparation for HPLC Each bacterium was picked up from GAM agar plates and inoculated into 2 ml of GAM broth. When turbidities (540 nm) of bacterial suspensions reached 1.96Ϯ0.09 optical density (O.D.) (strain PUE) and 0.30Ϯ0.02 O.D. (strain DZE), a 100-ml portion of the precultured bacteria was inoculated into 2 ml of GAM broth with substrates. After incubation, a 100-ml aliquot was removed and extracted three times with 200 ml of BuOH. After evaporation of the BuOH in vacuo, the residue was dissolved in 0.3 ml of MeOH. The MeOH solution was filtered through a 0.2-mm membrane filter, and a 10-ml portion was injected onto a column for HPLC analysis under the conditions described above.
LC/MS Analysis HPLC was performed on an Agilent 1100 system (Agilent Technologies, Waldbronn, Germany) with a photodiode array detector and Agilent 1100 series binary pump, and an Esquire 3000 plus mass spectrometer (Bruker Daltonic GmbH, Bremen, Germany) coupled with an ESI interface and an ion trap mass analyzer. Analysis of puerarin, daidzein, and equol was performed under the following conditions: column, TSK-gel ODS-80Ts (Tosoh Co., Tokyo, Japan, 4.6 mmϫ150 mm); mobile phase, H 2 O (solvent system A) and CH 3 CN (solvent system B) in a gradient mode (B from 15 to 50% in 20 min); flow rate, 1.0 ml/min; detection, UV 280 nm; temperature, 30°C. Analysis of Rand S-equol was performed under the following conditions: column, chiral CD-Ph (Shiseido, Tokyo, Japan, 4.6 mmϫ 250 mm); mobile phase, 0.1% TFA (solvent system A) and CH 3 CN (solvent system B) in gradient modes (B from 20 to 70% for 50 min); flow rate, 0.5 ml/min; detection, UV at 280 nm; temperature, 30°C. High-purity nitrogen was used as dry gas at a flow rate at 10 l/min, dry temperature at 360°C. Helium was used as nebulizer at 50 psi. The ESI interface and mass spectrometric parameters were optimized to obtain maximum sensitivity.
Isolation of a Human Intestinal Bacterial Strain Capable of Converting Puerarin to Daidzein A bacterial suspension from fresh feces of a healthy volunteer was repeatedly cultured in 2 ml of GAM broth containing 0.5 mM puerarin as a substrate at 37°C in an anaerobic incubator. A portion of the culture, possessing metabolic activity, was seeded on GAM agar plates and anaerobically incubated at 37°C for 24 h. Colonies were picked up and screened for their activity of transforming puerarin. Such a procedure was repeated until a single puerarin-metabolizing strain was isolated.
Isolation of a Human Intestinal Bacterial Strain Capable of Converting Daidzein to Equol
Similarly, a bacterial suspension was repeatedly cultured in 2 ml of GAM broth containing 0.1 mM daidzein as a substrate at 37°C in an anaerobic incubator. A portion of the culture, possessing metabolic activity, was seeded on GAM agar plates and anaerobically incubated at 37°C for 72 h. Colonies were repeatedly screened for their activity of transforming daidzein to obtain a single daidzein-metabolizing bacterium.
Sequencing the Bacterial 16S ribosomal RNA (rRNA) Gene The bacteria were incubated at 37°C in an anaerobic incubator for 2 d and collected by centrifugation at 10000ϫg for 10 min. Total DNAs were extracted with a DNeasy Plant Mini Kit (Qiagen, Hilde, Germany) following the manufacturer's protocol. The 16S rRNA gene was amplified by polymerase chain reaction (PCR) with two forward and reverse primer sets based on those of various strains from the database: Bac 1F (AGAGTTTGATCCTGGCTCAG) and Bac 1R (CCGTATTACCGCGGCTGCTG); and Bac 3F (TAACTA-CGTGCCAGCAGCCG) and Bac 3R (CCCGGGAACGTA-TTCACCG). Amplification proceeded in a reaction mixture containing 1 U of KOD-Plus DNA polymerase (Toyobo, Osaka, Japan), 1ϫPCR buffer mix, 0.8 mM dNTP mix (0.2 mM each), 1 mM MgSO 4 , 0.3 mM of each primer, and 100 ng of template DNA. The PCR program was as follows: 94°C for 2 min, 30 cycles of 94°C for 14 s, 55°C for 30 s, 68°C for 45 s, and finally 68°C for 5 min. The PCR products were purified using a QIA Quick PCR Purification Kit (Qiagen), and directly sequenced using a Bigdye Terminator Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, U.S.A.) with primers (Bac 1F, Bac 1R, Bac 3F, and Bac 3R) and an ABI PRISM 310 (Applied Biosystems).
Preparation of Equol from Puerarin by a Mixed Culture of Two Anaerobic Bacteria Each precultured bacterial suspension (5 ml) containing strains PUE or DZE was inoculated to 1 l of GAM broth containing puerarin (300 mg) and incubated at 37°C in an anaerobic incubator for 114 h. The reaction mixture was then extracted three times with 400 ml of ethyl acetate. The organic layer was evaporated under reduced pressure to give a residue (382 mg). The residue was applied to a column of silica gel, which was eluted with a solvent system, CHCl 3 
19)
Preparation of 5-Hydroxyeqoul by Strain DZE A bacterial suspension (50 ml) of strain DZE was inoculated to 0.8 l GAM broth containing genistein (50 mg) and incubated at 37°C in an anaerobic incubator for 120 h. The reaction mixture was then extracted three times with ethyl acetate. The organic layer was evaporated under reduced pressure to give a residue. The residue was applied to a column of silica gel, which was eluted with a solvent system, CHCl 3 -MeOH (20 : 1), to give 5-hydroxyequol (24 mg, 50% in yield). 
RESULTS

Isolation of a Human Intestinal Bacterial Strain Capable of Converting Puerarin to Daidzein
A single bacterium (Strain PUE) was isolated through repeated culture of a bacterial mixture of human feces in GAM broth containing 0.5 mM puerarin. Strain PUE was strictly anaerobic. High viscosity of the colony on GAM agar plates was observed. The 16S rRNA gene sequence of strain PUE (Genbank accession no. EU377662) showed 97% similarity with that of uncultured bacterium N404 (AY975239) (Fig. 2A) . Strain PUE had 92% similarity with Ruminococcus gnavus (X94967) and Dorea longicatena (AJ132842). Biotransformation of puerarin to daidzein by strain PUE was confirmed by LC/MS analysis. The retention time of puerarin, daidzein, and equol was 4.8, 12.9, and 16.6 min, respectively. When incubated with strain PUE, puerarin was converted to daidzein (Fig.  3A) . Because of low solubility in water, precipitations of daidzein appeared during the incubation. When puerarin (200 mM) was anaerobically incubated with strain PUE for 120 h, 189.7Ϯ22.1 mM (meanϮS.D.) of daidzein was produced (94.9% in yield).
Isolation of a Human Intestinal Bacterial Strain Capable of Converting Daidzein to Equol
Through repeated incubation, a single bacterium (strain DZE) having daidzeinmetabolizing activity was isolated. The growth of strain DZE in GAM broth was very poor, but appreciably increased upon addition of 1% arginine-HCl. The 16S rRNA gene sequence of strain DZE (EU377663) had 89% and 88% similarity with Slackia faecicanis sp. CCUG 48399 (AJ608686) and Slackia exigua (AF101240), respectively (Fig. 2B) . Moreover, strain DZE showed 87% similarity with Slackia heliotrinireducens (AF101241). Metabolic activity of strain DZE was confirmed by LC/MS analysis. Daidzein was converted to equol by strain DZE (Fig. 3B) . When daidzein (150 mM) was anaerobically incubated with strain DZE for 120 h, 128.4Ϯ14.1 mM (meanϮS.D.) of equol was produced (85.6% in yield).
Transformation of Puerarin to S-Equol by a Mixed
Culture of Strains PUE and DZE When puerain was anaerobically incubated in GAM broth with a mixed culture of two anaerobic bacterial strains, PUE and DZE, equol was produced as a major metabolite (Fig. 3C) . To determinate the optical characteristics of isolated equol, several methods
Fig. 2. Dendrograms of Phylogenic Affiliation of Strains PUE (A) and DZE (B)
Each 16S ribosomal RNA gene sequence of strains PUE and DZE was compared with those from Genbank database with ClustalW program. Fig. 3 . Transformation by Isolated Bacteria, Strains PUE and DZE, Analyzed by HPLC (A) Transformation of puerarin to daidzein by strain PUE, (B) transformation of daidzein to equol by strain DZE, (C) transformation of puerarin to equol by a mixture of strain PUE and DZE. Other peaks except puerarin, daidzein, and equol were identified as ingredients of GAM broth through analysis of incubation samples in the absence of substrates. STD, standards.
were examined. The CD spectrum of produced equol in methanol showed a positive Cotton effect at 244 nm and a negative Cotton effect at 280 nm. Moreover, the optical rotation ([a] D 24 ) was Ϫ18.5°in methanol ([a] 548 ϭϪ21.5°in chloroform). 23) When we analyzed chemically synthesized equol by LC/MS with a chiral column, two peaks were detected with different retention times of 33.8 and 34.4 min, but they showed the same mass spectral pattern (Fig. 4) , while equol obtained by mixed cultivation showed only one peak under the same analytical conditions. On the basis of the above findings, the metabolite was concluded to be (Ϫ)-(3S)-equol (S-equol). When puerarin (200 mM) was anaerobically incubated with strain PUE and DZE for 120 h, 170.0Ϯ10.7 mM (meanϮS.D.) of equol was produced (85.0% in yield).
Substrate Specificity of Two Bacteria The substrate specificity of strain PUE was investigated using other C-glucosides such as aburusin, aloesin, mangiferin, barbaloin, and bergenin. However, no C-glucoside was converted to an aglycone (data not shown). On the other hand, when genistein and puerarin were incubated with strain DZE, the former was transformed to 5-hydroxyequol (Fig. 5 ), but the latter was not.
DISCUSSION
Phytoestrogen is defined as plants-derived compounds with estrogen-like activities. Isoflavones and lignans have been categorized as phytoestrogens, based on their chemical structures and activities. 24, 25) Particularly, equol (a metabolite of daidzein, daidzin, and puerarin) has been a matter of concern because of not only high consumption of its precursors in diet but also its biological activity. However, the conversion to equol shows individual variations in humans; even if precursors of equol are taken through diet, equol cannot be produced in some individuals. Moreover, equol was found to be produced exclusively by intestinal bacteria. 26) Therefore extensive studies on the intestinal bacterial communities that produce equol are necessary.
In the present study, we isolated two bacteria that participate in transformation to equol from puerarin. One of them, strain PUE, showed metabolic activity that converts puerarin to daidzein. Several bacteria capable of converting to daidzein have been reported. 9) However, 16S rRNA gene sequence had low similarity among them. Although elimination of a C-glucosyl bond is generally performed with an oxidative or reductive process in plants, the C-glucosyl bond of puerarin was reductively cleaved by bacteria to give an aglycone in high yield. This bacterium had high substrate specificity and did not convert other C-glucosides.
We also isolated strain DZE capable of transforming daidzein to equol from human feces. Though the growth of strain DZE in GAM broth was poor, we could maintain the strain by co-incubation with another bacterium such as strain PUE or the addition of 1% arginine-HCl. Equol has a chiral carbon atom at position C-3 of the dihydropyran ring. Therefore there are two enantiomeric forms, S-equol and R-equol. Equol obtained by strain DZE was identified as S-equol by several analyses. Our findings agree with reports that only Sequol was isolated as a metabolite. 19, 27, 28) Co-incubation of puerarin with strains PUE and DZE produced S-equol. Dihydrodaidzein was detected as a metabolic intermediate during the incubation and converted to equol by independent incubation with strain DZE. However, strain PUE did not convert dihydrodaidzein to equol. Besides, puerarin was not metabolized by incubation with strain DZE. These findings indicate that conversion of puerarin to equol was performed by combination of two bacterial species of strains PUE and DZE (Fig. 6) .
It was reported that only 30-50% of individuals can produce equol from daidzein. 14, 15) Thus there have been some efforts to improve the metabolic capacity in the gastrointestinal tract.
16) Decroos et al. administered an equol-producing bacterial mixture to a simulator of the gastrointestinal microbial ecosystem (SHIME). Continuous inoculation of a bacterial mixture altered not only bacterial composition but also equol production status in SHIME. Equol was produced stably even after stopping inoculation. This suggests that strain DZE can be applied to this system because strain DZE is a normal inhabitant of human intestinal flora.
In substrate specificity experiments, strain DZE converted genistein to 5-hydroxyequol as well, although this compound and its conjugates were not yet detected in human urine. 29) It is of interest to investigate the formation, translocation, and excretion of 5-hydroxyequol and its physiological activity.
